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Abstract 
This work aims to optimize the process parameters for improving the wall thickness distribution of the sheet 
superplastic forming process of AA7075 alloy. The considered factors include forming pressure p (MPa), 
deformation temperature T (°C), and forming time t (minutes), while the responses are the thinning degree of the wall 
thickness ε (%) and the relative height of the product h*. First, a series of experiments are conducted in conjunction 
with response surface method (RSM) to render the relationship between inputs and outputs. Subsequently, an 
analysis of variance (ANOVA) is conducted to verify the response significance and parameter effects. Finally, a 
numerical optimization algorithm is used to determine the best forming conditions. The results indicate that the 
thinning degree of 13.121% is achieved at the forming pressure of 0.7 MPa, the deformation temperature of 500°C, 
and the forming time of 31 minutes.  
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1. Introduction 
AA7075 is an aluminum alloy with outstanding mechanical properties such as high strength, light weight, and corrosion 
resistance. Therefore, AA7075 alloy is widely used in the aerospace and automotive industries. This alloy has been used to 
replace high strength steel on most types of cars and commercial aircraft [1-2]. However, the deformability of this alloy is 
limited at room temperature. The elongation to fracture for tensile tests of this alloy was achieved below 10% at room 
temperature (20°C), resulting in its limited applicability in forming processes. To improve its deformability, other forming 
methods have been used to expand the application of the alloy. Superplastic forming (SPF) is one of the widely used methods. 
SPF is conducted within a limited range of conditions such as material microstructure, strain temperature, and strain rate. 
When conditions of SPF are met, the material will achieve a degree of deformation many times greater than that of the normal 
strain condition. In uniaxial tension, the elongations in excess of 200% are usually indicative of superplasticity [3-6]. 
The forming process for hollow parts from a flat sheet or a pre-profile blank or a tube blank under the action of 
compressed air pressure is one of the SPF methods. The received product may have a shape of forming tools [7-9]. This process 
can bring some attractive advantages, including large deformation ability, complex products, and a simple or no forming tools 
required. Moreover, the SPF technology has a great advantage in the production of single or small series of complex parts from 
high strength materials. However, this technology also has serious disadvantages that are an uneven distribution of wall 
thickness after the deformation process greatly affects the quality and working ability of the product [10-11]. 
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The SPF by compressed air pressure depends on many parameters such as forming pressure, deformation temperature, 
forming time, tool size, coefficient of friction, back pressure, etc. [12-15]. The degree of influence of each parameter on the 
deformation ability is significantly different. The wall thickness distribution of the product is the prioritized criterion in terms 
of the formed part quality. Several studies on improving the distribution of the wall thickness have been carried out.  
Shojaeefard et al. [16] have studied the effect of the die entry radius and the interfacial friction coefficient on the required 
forming time and thickness distribution of the product. Their results have shown that with lower friction coefficients, the 
sensitivity of the formed part thinning factor to the die entry radius variations is high. It was also concluded that a larger die 
entry radius along with a lower friction coefficient leads to a shorter forming time and a more uniform final part thickness 
distribution. Jarrar [17] found that for free-bulge forming process of AA5083 at 500°C, single-, two-, and three-step isobaric 
forming process produce the same part thickness uniformity within shorter forming time compared to the forming process at a 
constant maximum strain rate. Kumaresan et al. [18] performed the finite element simulation using ABAQUS software to 
evaluate the deviation of the thickness distribution between the simulation and experiment. The process parameters selected for 
simulation include pressure, forming time, and initial sheet thickness. Also, Balasubramanian et al. [19] experimentally and 
numerically studied the three-stage forming process. Discontinuities in the thickness of the formed profile have been observed 
due to the transition of radius from one stage to the next. Results of this study have revealed that an optimum pressure of 0.5 
MPa for achieving uniform thickness in the profile exists. Alirezaiee et al. [10] proposed a new method to produce a part with 
a fairly uniform thickness distribution. In their proposed method, a die having a movable segment is used. By moving this 
segment during the process, the part is formed during two stages and final thickness distribution is controlled.  
One of the factors affecting the forming process, which has also been mentioned in many studies, is the change in the 
microstructure of the material during the SPF process. Since the grain size is a preliminary criterion for obtaining 
superplasticity in any material, its stability at the deformation temperature plays a significant role. The deformation ability of 
the material will be significantly reduced as the average grain size increases during the SPF process [20-21]. Moreover, 
abnormal grain growth is also a major metallurgical aspect in superplastic deformation [22-23]. 
However, the aforementioned publications indicated that the process parameter optimizations for sheet SPF processes 
about the formed part quality have not been thoroughly investigated. Recently, many technological solutions have been 
researched to improve the thinning degree of the wall thickness and increase the product quality. The new SPF process was 
developed based on the back pressure principle. Besides hardware developments, forming parameter optimization is still an 
effective approach in terms of costs and time. The AA7075 high-strength aluminum alloy was selected as the workpiece 
material due to its wide industrial applications. 
This work aims to optimize the process parameters for improving the wall thickness distribution of the sheet SPF process 
of AA7075 alloy. The considered factors include forming pressure p (MPa), deformation temperature T (°C), and forming time 
t (minutes), while the responses are the thinning degree of the wall thickness ε (%) and the relative height of the product h*. 
First, a series of experiments are conducted in conjunction with the response surface method (RSM) to render the relationship 
between inputs and outputs. Subsequently, an analysis of variance (ANOVA) is conducted to verify the response significance 
and parameter effects. Finally, a numerical optimization algorithm is used to determine the best forming conditions. 
2. Research Methodology 
2.1.   Optimization problem 
The thinning degree of the wall thickness ε (%) is one of the important criteria with regard to the quality of SPF products. 
The goal of the current work is to optimize the process parameters, including forming pressure, deformation temperature, and 
forming time for minimizing the thinning degree. The schematic diagram of the sheet SPF process under the action of 
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compressed air pressure is depicted in Fig. 1. The die is fastened by bolts, and the pneumatic tube into the die is welded with a 
sealing cap. The 45 steel is selected as the die material due to the medium forming temperature. The die and the stroke sensor 
are placed in the furnace during deformations. 
 
Fig. 1 Schematic diagram of the sheet SPF process 
As shown in Table 1, the limits of variables are denoted as -1, 0, and +1 for the lower value, middle value, and higher 
value, and the input variables are denoted as A for forming pressure (MPa), B for deformation temperature (°C), and C for 
forming time (min). The parameter ranges are determined based on the references [7, 11, 24]. Consequently, the optimizing 
issue is to find the minimum thinning degree based on the optimization process parameters [25]. 
Table 1 Levels and their values of the process parameters 
Symbol Parameters Level -1 Level 0 Level +1 
p A: forming pressure (MPa) 0.7 0.8 0.9 
T B: deformation temperature (°C) 500 515 530 
t C: forming time (min) 20 30 40 
 
2.2.   Optimization framework 
In the Box-Behnken design (BBD), three levels for each design parameter or factor are required, with all design points 
lying on the same sphere and with at least three or five runs at the center point. BBD is applied instead of the full-factorial one 
to decrease the number of experiments and ensure the predicting accuracy. The predictive mathematical model of the thinning 
degree is then developed with respect to process parameters using RSM [26-28]. Subsequently, a fitness analysis is conducted 
in order to investigate the significance of the proposed model and the factor is chosen. To solve the optimization problem, an 
advanced technique entitled desirability function (DF) is adopted for obtaining optimal values. In addition to the design points, 
a set of random points are checked to see if there is a more desirable solution. The influence of the parameters on the objective 
function will help the technology design process. The feasible solutions could be obtained with a minimal cost, from a problem 
that potentially has a great number of solutions [29-30]. As a result, an integrative approach combining BBD, RSM, and DF 
can be considered a powerful method to find global optimal process parameters with a smaller number of experiments as well 
as less computational effort. 
3. Experimental Procedures 
The experimental specimens are cut from a flat sheet of the thickness of 1.2 mm to have a diameter of 50 mm. The 
material used in this study is an AA7075 alloy. The chemical composition of the AA7075 alloy listed in Table 2 is expressed in 
weight percent (%wt). The AA7075 alloy is prepared to fine stable grain size with an average grain size of about 13 µm. The 
experimental tests are carried out under SPF conditions. The experimental equipment system is shown in Fig. 2. 
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Table 2 Chemical composition of the analyzed AA7075 alloy 
Zn Mg Cu Fe Cr Ti Zr Mn Si Al 
5.35 2.34 1.32 0.30 0.22 0.04 0.0027 0.024 0.05 Balance 
  
 
Fig. 2 The experimental equipment system 
The deformed specimens are exhibited in Fig. 3. The position of wall thickness measurement is determined as shown in 
Fig. 4. At that position, the thinning degree is the greatest. The wall thickness values are measured by a JENA universal 
microscope. The overall height of the product is determined and shown in Fig. 5. The average response values are observed 
repeatedly three times. The experimental data of the thinning degree of the wall thickness ε and the relative height of the 
product h* are exhibited in Table 2. The thinning degree of the wall thickness is the ratio between the amount of thinning at a 
dangerous position and the thickness calculated according to the law of constant volume. The relative height of the product is 
the ratio between the overall height Hi and outside diameter Dp of the part. 
 
Fig. 3 The specimens after SPF processes 
 
Fig. 4 The position of wall thickness measurement of deformed specimens 
 
Fig. 5 Determination of the overall height Hi and outside diameter Dp of the product 
254 
Advances in Technology Innovation, vol. 6, no. 4, 2021, pp. 251-261 
 
4. Results and Discussion 
4.1.   Model fitness investigation 
In this study, ANOVA is used to determine the adequacy and significance of models. In addition, it is used to evaluate the 
effect of lack-of-fit on the models and the significance of the individual model coefficient. There are 15 test trials performed 
based on the design of the experiment method as shown in Table 3. ANOVA results of the thinning degree and relative height 
are shown in Table 4 and Table 5. The significant coefficients are selected based on the p-values of the parameters considered. 
The parameters are modeled using a confidence level of 95%. Hence, the factors with p-values less than 0.05 are considered 
significant. 
Table 3 Experimental results 
Number of 
experiments 





C: forming time 
(min) 
R1: thinning degree 
ε (%) 
R2: relative height 
of the product h* 
1 -1 -1 0 13 0.25 
2 +1 -1 0 15 0.32 
3 -1 +1 0 16.8 0.30 
4 +1 +1 0 16.5 0.37 
5 -1 0 -1 16.5 0.34 
6 +1 0 -1 17.8 0.27 
7 -1 0 +1 17 0.40 
8 +1 0 +1 18 0.49 
9 0 -1 -1 17.8 0.30 
10 0 +1 -1 18.4 0.42 
11 0 -1 +1 17 0.33 
12 0 +1 +1 20 0.45 
13 0 0 0 17.4 0.48 
14 0 0 0 17.2 0.48 
15 0 0 0 17 0.44 
 
Table 4 ANOVA result for thinning degree model 
Source Sum of squares Degree of freedom Mean square F-value p-value Significance 
Model 33.48 9 3.72 38.16 0.0004 Significant 
A-A 2.00 1 2.00 20.51 0.0062 - 
B-B 9.90 1 9.90 101.55 0.0002 - 
C-C 0.2813 1 0.2813 2.88 0.1502 - 
AB 1.32 1 1.32 13.56 0.0142 - 
AC 0.0225 1 0.0225 0.2308 0.6512 - 
BC 1.44 1 1.44 14.77 0.0121 - 
A² 7.50 1 7.50 76.90 0.0003 - 
B² 0.7477 1 0.7477 7.67 0.0394 - 
C² 8.87 1 8.87 90.98 0.0002 - 
Residual 0.4875 5 0.0975 - - - 
Lack-of-fit 0.4075 3 0.1358 3.40 0.2358 Not significant 
Pure error 0.0800 2 0.0400 - - - 
Corrected total 33.97 14 - - - - 
R² 0.9856 - - - - - 
Adjusted R² 0.9598 - - - - - 
Predicted R
2
 0.8028 - - - - - 
Adequate precision 27.7014 - - - - - 
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As shown in Table 4 and Table 5, the F-values 38.16 and 25.93 indicate the significance of the quadratic models. In these 






) are found to be significant model terms. The 
insignificant terms (pT, pt, and Tt) should be eliminated in the design space in order to save computational time. Additionally, 
the R
2
-value of the thinning degree is 0.9856, indicating that 98.56% of the total variations are explained by the model. The 
R
2
-value of the relative height is 0.9790, indicating that 97.9% of the total variations are explained by the model. Moreover, the 
comparison results from the adjusted R
2
-value and predicted R
2
-value using ANOVA indicate that the quadratic model is more 
accurate than the linear one. Adequate precision is used to measure the signal to noise ratio. The ratio greater than 4 is desirable. 
In the thinning degree model and the relative height model, the adequate precisions are 27.7014 and 15.1235 respectively, 
indicating adequate signals. These models can be used to navigate the design space. The lack-of-fit is not significant relative to 
the pure error. Non-significant lack-of-fit is good.  
Table 5 ANOVA result for relative height model 
Source Sum of squares Degree of freedom Mean square F-value p-value Significance 
Model 0.0836 9 0.0093 25.93 25.93 Significant 
A-A 0.0036 1 0.0036 10.08 10.08 - 
B-B 0.0136 1 0.0136 37.99 37.99 - 
C-C 0.0162 1 0.0162 45.21 45.21 - 
AB 0.0006 1 0.0006 1.74 1.74 - 
AC 0.0121 1 0.0121 33.77 33.77 - 
BC 0.0009 1 0.0009 2.51 2.51 - 
A² 0.0285 1 0.0285 79.64 79.64 - 
B² 0.0103 1 0.0103 28.85 28.85 - 
C² 0.0009 1 0.0009 2.45 2.45 - 
Residual 0.0018 5 0.0004 - - - 
Lack-of-fit 0.0009 3 0.0003 0.7115 0.7115 Not significant 
Pure error 0.0009 2 0.0004 - - - 
Corrected total 0.0854 14 - - - - 
R² 0.9790 - - - - - 
Adjusted R² 0.9413 - - - - - 
Predicted R
2
 0.8039 - - - - - 
Adequate precision 15.1235 - - - - - 
 
4.2.   Model for thinning degree and relative height 
The models of thinning degree and relative height are developed in terms of input parameters using RSM. From the 
experimental values, the coefficients of the regression equations are calculated. The regression coefficients of insignificant 
terms are eliminated based on ANOVA results. Consequently, the regression response surface models showing the thinning 
degree of the wall thickness ε and the relative height h* are expressed by Eq. (1) and Eq. (2) which show the final equation in 
terms of coded factors. 
2 2 2
17.2 0.5 1.1125 0.1875 0.575 0.075 0.6
 1.425 0.45 1.55
A B C A B A C B C
A B C
ε = + × + × + × − × × − × × + × ×




0.4633 0.02112 0.0412 0.045 0.0125 0.55 0.015
 0.0879 0.0529 0.0154
* A B C A B A C B C
A B C
h = + × + × + × − × × + × × − × ×
− × − × − ×
 
(2) 
Fig. 6(a) and Fig. 6(b) represent the normal probability curves for thinning degree and relative height respectively to check the 
adequacy of models. As all points are in a straight line, it can be concluded that the models are adequate [29-30]. 
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(a) Thinning degree (b) Relative height 
Fig. 6 Residual plots for the developed models 
4.3.   Factor effect analysis 
4.3.1.   Effect of process parameters on thinning degree ε 
The effects of process parameters on the objective are investigated using the contour plots (2D and 3D) which are 
considered in full parameter ranges, at each level of the focal position. Fig. 7 shows that an increase of the forming time 
results in a decreased thinning degree, until the optimum value of around 30 min. The thinning degree is then increased with 
the continuous increase of the forming time. Besides, when the strain temperature increases from 500°C to 530°C, the 
degree of thinning increases. This phenomenon can be explained as follows. When the forming time and deformation 
temperature increase, the grain grows faster. Therefore, it reduces the deformation rate and deformation degree of the 
specimens. The degree of thickness distribution becomes uneven, the thinning degree at the dangerous position will increase 
[7, 11, 24]. 
As shown in Fig. 7, when the forming pressure increases, the thinning degree increases. However, when the pressure 
increases beyond 0.8 MPa, the thinning degree of the wall thickness at the dangerous position decreases. This phenomenon can 
be explained as follows. When the strain rate is high, the time is not enough for the corresponding diffusion process to create 




(b) 3D interaction plots of forming pressure  
and deformation temperature  
Fig. 7 Effect of processing parameters on the thinning degree 
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(c) 3D interaction plots of forming pressure  
and forming time 
(d) 3D interaction plots of forming time  
and deformation temperature 
Fig. 7 Effect of processing parameters on the thinning degree (continued) 
4.3.2   Effect of process parameters on the relative height of product h* 
In Fig. 8, it is shown that the influence of process parameters including forming pressure, deformation temperature, and 
forming time leads to the relative height of the product. As the forming pressure and deformation temperature increase, the 
relative height increases. However, when the forming pressure and strain temperature increase to a certain value, the relative 
height of the product tends to decrease. Because of this, the higher strain rate and high temperature will make the grain 
microstructure of the material grow, reducing the possibility of deformation [24]. The forming time increases (from 20 to 40 
min), and the relative height of the product increases accordingly. Besides, with a long forming time, the thinning degree of the 




(b) 3D interaction plots of forming pressure  
and deformation temperature 
  
(c) 3D interaction plots of forming pressure  
and forming time 
(d) 3D interaction plots of forming time  
and deformation temperature 
Fig. 8 Effect of processing parameters on the relative height of the product 
258 
(a) 2D perturbation plot of process parameters 
Advances in Technology Innovation, vol. 6, no. 4, 2021, pp. 251-261 
 
5. Optimization Results 
After building the statistical regression equation showing the relationship between process parameters and process 
response, the equation is used to solve the optimization problem. According to the discussion above, it can be concluded that 
the process parameters of forming pressure, deformation temperature, and forming time have significant and complex effects 
on the thinning degree of the wall thickness model. The optimization issue can be solved using RSM. Table 6 shows that the 
thinning degree of the wall thickness ε of 13,121% is observed at p = 0.7 MPa, T = 500°C, and t = 31 min, respectively. 
Table 6 Optimization results using RSM 
Constraints 
Name Goal Lower limit Upper limit Lower weight Upper weight Importance 
A:A In range 0.7 0.9 1 1 3 
B:B In range 500 530 1 1 3 
C:C In range 20 40 1 1 3 
R1 Minimize 13 20 1 1 3 
Solutions 
Number A B C R1 Desirability Selection 
1 0.700 500.000 31.006 13.121 0.983 Selected 
2 0.700 500.000 31.123 13.121 0.983 - 
3 0.700 500.013 30.671 13.125 0.982 - 
4 0.700 500.000 30.806 13.126 0.982 - 
5 0.700 500.000 31.616 13.127 0.982 - 
 
6. Conclusions 
In this study, an integrative approach using the physical experiment, RSM model, and the DF algorithm was used to optimize 
the process parameters concerning the thinning degree of the wall thickness. The relationship between process parameters and the 
thinning degree was constructed through RSM and experimental data. DF was applied to determine the optimal design variables 
and the response. The main conclusions from the research results of the current work can be drawn as follows: 
(1) The thinning degree is decreased with a higher value of the forming time until it reaches the optimal points. With increased 
factors, the thinning degree increases. Additionally, an increased forming pressure or deformation temperature results in a 
higher thinning degree value. 
(2) The mathematical model of the thinning degree developed using BBD and RSM predicts the response values with 
sufficient accuracy. 
(3) In the range of studied parameters, the thinning degree of 13,121% is achieved at p = 0.7 MPa, T = 500°C, and t = 31 min. 
(4) The research results allow determining the relative height of the product h* corresponding to the thinning degree of the wall 
thickness ε in the range of allowable limit values.  
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